IMPORTANCE Recent evidence supports the presence of macular damage (within 8°of the central field) to retinal ganglion cells and associated central visual field (VF) defects in glaucoma, even in early stages. Despite this, to our knowledge, the association of 10-2 VF damage with vision-related quality of life (QOL) has not been well studied.
G laucoma is characterized by progressive structural and functional damage to the optic nerve complex and is a leading cause of irreversible visual impairment in the United States 1 and worldwide. 2, 3 The disease has traditionally been thought to affect midperipheral visual function in its early stages and to gradually progress to loss of central visual function only in late stages of the disease process. Even with well-maintained central vision, patients with glaucoma are more likely to experience driving and mobility difficulties. [4] [5] [6] Likewise, several studies have demonstrated an association between severity of visual field defects, as detected on standard automated perimetry (SAP) of the central 30°of vision (24-2 test) , and vision-related quality of life (QOL), as measured by the National Eye Institute Visual Function Questionnaire (NEI VFQ-25). 7 In general, studies suggest that visionrelated QOL decreases as visual field loss worsens, with the greatest rate of change in the driving-related visual domain. 7 However, despite the significance of these findings, the magnitude of the associations between visual field status and NEI VFQ-25 scores remain modest. Recent evidence supports the presence of macular damage (within 8°of the central field) to retinal ganglion cells and associated central visual field defects in glaucoma, even in early stages. 8 In general, such damage is best detected using strategies that concentrate test points at 2°increments in the central field (10-2 visual field strategy), as the 24-2 strategy does not sufficiently sample the central field and corresponding macular function. [8] [9] [10] [11] Moreover, approximately 50% of all retinal ganglion cells are within the macular region, 12 and the phenomenon of magnification throughout the visual pathways leads to more than 90% of the primary visual cortex being within the central 10°of the visual field. 10 Interestingly, previous studies investigating the association between NEI VFQ-25 scores and glaucomatous visual field loss using a threshold testing algorithm have been limited to measuring loss of visual function using the 24-2 and 30-2 testing strategy. [13] [14] [15] [16] [17] Because the disease affects both central and midperipheral vision, assessment of visual function using only 24-2 and/or 30-2 visual fields may underestimate the extent, location, and implication of glaucomatous visual field loss. That is, it is likely that patients with visual field damage in the central 10°would have greater impairment in visual function than those with preserved central visual field. The purpose of this study was to investigate and compare the association between NEI VFQ-25 scores and visual field status as measured by the 10-2 and 24-2 visual field tests. We also tested the hypothesis that patients with vision-related QOL disproportionate to their 24-2 visual field status may exhibit 10-2 damage overlooked by the 24-2 test.
Methods
Patients with glaucoma were enrolled in a prospective study from May 2014 through January 2015 at the Department of Ophthalmology at the Columbia University Medical Center. The Columbia University Medical Center Institutional Review Board approved the study methods, and the study was compliant with Health Insurance Portability and Accountability Act regulations. Written informed consent was obtained from all participants, and all methods adhered to the tenets of the Declaration of Helsinki. Cross-sectional data analysis was performed from March 2016 through May 2016.
All patients underwent a comprehensive ophthalmologic examination, which included a review of medical history, bestcorrected visual acuity, slitlamp biomicroscopy, intraocular pressure, gonioscopy, dilated ophthalmoscopic examination, and SAP using the Swedish interactive threshold algorithm standard 24-2 and 10-2 algorithms (Carl Zeiss Meditec). Patients were included if they had primary open-angle glaucoma with perimetric damage in at least 1 eye as determined by a glaucoma specialist, the cognitive ability to complete a reliable questionnaire, and a visual acuity of 20/30 or better in both eyes. Patients were excluded if they had any ocular or systemic disease that could affect the optic nerve or visual field or if they could not perform a reliable visual field, defined as less than 33% fixation losses or false-negative errors and less than 15% false-positive errors.
Patients were classified as having glaucoma based on characteristic optic nerve damage on stereophotographs and a repeatable abnormal SAP in at least 1 eye on 2 consecutive 24-2 fields. Abnormal SAP was defined as a pattern standard deviation with P < .05 and/or a glaucoma hemifield test outside normal limits. A patient was considered eligible if there was 24-2 visual field loss in at least 1 eye.
SAP: Monocular and Binocular Visual Fields
For each patient, we defined the better or worse eye based on the 24-2 mean deviation value. In 1 patient whose mean deviation values were equal, the eye with the worse pattern standard deviation was deemed worse. Estimates of binocular mean sensitivity were calculated from the total deviation plots of both eyes according to the best-location algorithm described by Nelson-Quigg et al. 18 With this approach, the binocular visual field is a composite of the most sensitive of the 2 visual field locations for each eye.
Key Points
Question 
Vision-Related QOL Questionnaires
Interviewers administered the NEI VFQ-25 survey on the same day that the visual field tests were performed. The NEI VFQ-25 evaluates vision-related QOL. This questionnaire was designed to assess the dimensions of self-reported vision that are relevant for patients with chronic eye diseases. 19 The NEI VFQ-25 consists of 25 questions representing 11 subscales plus an additional single-item general health-rating question. The subscales are general vision, near and distance vision activities, ocular pain, vision-related social function, visionrelated role function, vision-related mental health, visionrelated dependency, driving difficulties, color vision, and peripheral vision. Each subscale consists of 1 to 4 items.
Statistical Analyses
For comparison purposes, the binocular 24-2 and 10-2 sensitivities were standardized by subtracting their means and dividing by their SDs. Rasch analysis was performed to obtain final estimates of person-measures, which can be used to express where each person falls on a scale representing the degree of impairment, as measured by the NEI VFQ-25. These linear Rasch-calibrated scores were computed and used for subsequent parametric statistical analyses. Rasch analysis was performed using Andrich rating-scale models to obtain the estimates of the required ability of each item, perceived ability of each patient, and the thresholds for each response category. Rasch analysis locates item difficulty and person ability on a logit (log odds) scale, which was linearly rescaled to range from 0 to 100. Person and item measures were examined for fit to the Rasch model using infit and outfit item fit statistics. Univariable and multivariable linear regression analyses using ordinary least squares were conducted to determine the contribution of each of the binocular fields in determining the variation in each domain of Rasch-calibrated NEI VFQ-25 scores seen among patients with glaucoma. The following 5 linear regression analyses were conducted: 2 univariable regression models of the entire cohort of 113 patients using 24-2 and 10-2 algorithms, a composite 10-2 and 24-2 multivariable regression model of the entire cohort, a univariable 24-2 model for the subgroup of 107 patients without advanced binocular 10-2 visual field damage, and a univariable 10-2 model for the subgroup of 35 24-2 outliers. A 24-2 univariable regression analysis was performed in the subgroup of 107 patients without advanced macular damage on 10-2 visual fields. For the purpose of this analysis, 10-2 visual field damage was defined as having advanced loss if the binocular 10-2 mean sensitivity (or average of threshold sensitivities) was less than 25 dB. This value was selected because 25 dB was associated with 1% of the normative data for mean and pattern standard deviation (n = 6). It should be noted that this is a conservative estimate and was an effort to dichotomize patients with glaucoma based on those patients with and without advanced macular damage.
In addition, scatterplots were used to evaluate the association between NEI VFQ-25 score and 24-2 visual fields. We defined outliers based on the Cook distance of the regression of the model NEI VFQ-25 vs binocular 24-2 sensitivity. The 35 outliers were selected because they were in the range below the fitted line of 4/n, which corresponded to NEI VFQ-25 values disproportionally low relative to the binocular 24-2 sensitivity. Comparisons between the outlier group and the overall cohort were made using a 2-tailed t test for continuous variables and a χ 2 test for categorical variables. Outlier association with QOL was then assessed using a univariable regression model, with 10-2 sensitivity results as the independent variable. Overall fit was assessed using the root-mean-square error (RMSE), Akaike information criterion (AIC) and Bayesian information criterion (BIC). Statistical analyses were performed using Winsteps version 3.81.0 (Winsteps) and Stata version 14 (StataCorp). All P values were 2-tailed, and significance was set at P < .05.
Results
The study included 226 eyes of 113 patients with glaucomatous visual field loss on standard 24-2 Swedish interactive threshold algorithm visual field tests. Patient, eye, and visual field details are listed in Table 1 .
The results for the univariable regression analyses (Table 2 ) suggest that the 10-2 visual field has a stronger association with QOL than the 24-2 visual field among the entire cohort of 113 patients with glaucoma. First, each standardized 1-dB increase in binocular 24-2 sensitivity was associated with a 1.95-fold improvement in NEI VFQ-25 Rasch score (95% CI, 0.47-3.43; P = .01), whereas each 1-dB increase in 10-2 was associated with a 2.57-fold improvement in NEI VFQ-25 Rasch score (95% 
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CI, 1.12-4.01; P = .001). Second, the RMSE, AIC, and BIC statistics were lower for the 10-2 model, suggesting the 10-2 visual field has a stronger association with QOL than 24-2 visual fields overall. Third, while binocular 24-2 fields explained 4.9% of the variance in composite NEI VFQ-25 scores, binocular 10-2 fields explained almost 2-fold of the variance (R 2 = 9.3%).
By extension, the composite 10-2 and 24-2 multivariable regression model of the entire cohort further suggests that the 10-2 visual field has a stronger association with QOL. First, to test for possible collinearity in the model, the variance inflation factor was calculated and found to be 3.00, suggesting that collinearity was not an issue. Next, when both 10-2 and 24-2 visual fields were included in the model, the association of QOL with binocular 24-2 visual field was no longer observed (P = .89), whereas QOL remained associated with the binocular 10-2 visual field (β = 2.70; 95% CI, 0.36-5.04; P = .02) ( Table 3) .
The univariable 24-2 model for the subgroup of the 107 patients without advanced macular damage on 10-2 visual fields found lower RMSE, AIC, and BIC statistics than the 24-2 model for the entire cohort (Table 2 ). This suggests that while 10-2 showed a stronger association with QOL among all patients with glaucoma sampled, the correlation of 24-2 and NEI VFQ-25 score is improved when tested in the subgroup of patients without advanced functional macular loss.
The binocular 10-2 fields of outliers from the 24-2 model (Figure) had a strong association (P = .006) with the composite NEI VFQ-25 scores. As seen in the Figure, there are 35 outliers on the scatterplot of 24-2 visual fields vs NEI VFQ-25 scores. These 35 outliers had disproportionately low NEI VFQ-25 scores relative to 24-2 visual field mean sensitivities. No differences were found between the overall cohort and the outlier subgroup with regard to age (mean [SD] age, 69.0 [9.6]; P = .59), sex (19 of 35 were male; P = .44), race/ethnicity (10 of 35 were white; P = .84), or average mean deviation of the 24-2 field (worse eye, −7.6 [SD, 8.1] dB; P = .28; better eye, −1.9 [SD, 3.5] dB; P = .66; binocular testing, 28.5 [SD, 3.9] dB; P = .57). These 35 outliers were then assessed with a univariable regression model that used the binocular 10-2 visual field results as the independent variable and composite NEI VFQ-25 scores as the outcome variable. The RMSE, AIC, and BIC statistics were lowest in this 10-2 model, suggesting that the strongest association between visual field and QOL was 10-2 visual field damage among the 24-2 outliers (Table 2) . Among the outliers, the 10-2 visual field explains the largest variation (R 2 = 18%) of NEI VFQ-25 scores. In this group, each 1-dB increase in the binocular 10-2 sensitivity was associated with a 2.78-fold improvement of NEI VFQ-25 Rasch score (95% CI, 0.84-4.72; P = .006).
Discussion
Our results suggest that patient-reported QOL outcomes appear to be associated with 10-2 visual field defects resulting from glaucomatous damage to the macula. In fact, based on the fit of the first 2 models and the multivariable regression, 10-2 visual fields appear to have a stronger association with QOL than the 24-2 visual fields, even in early disease. This finding is in agreement with previous investigations that found the central points on the 24-2 visual field had the greatest effect on NEI VFQ-25 scores. 7, 20 Our last 2 regression equations further support the role of the 10-2 visual field in QOL. First, by removing the patients with the most advanced 10-2 damage, we were able to improve the fit of the 24-2 visual field compared with the overall cohort. Second, the strongest association among all the models was found between the 10-2 visual field damage of the outliers and NEI VFQ-25 score, suggesting that patients with disproportionately low QOL relative to 24-2 visual field damage may have undetected macular damage. Our results have important clinical implications for monitoring patients with glaucoma. Most ophthalmologists traditionally think of performing 10-2 visual fields only in advanced disease, when a patient's island of vision has grown so constricted that the 24-2 visual field no longer provides much useful information. However, there is a growing body of evidence that macular damage can occur early in the glaucomatous process; it can be both diffuse and/or local and can be missed by 24-2 visual fields, in which test points are separated by 6°. 8, 10, [21] [22] [23] [24] In fact, macular damage seen on 10-2 visual fields appears to occur almost as frequently as defects seen on 24-2 visual fields in patients with early glaucoma. 21 Further, based on optical coherence tomography results, it is clear that the 24-2 test pattern inadequately samples this damage. 21 Now, it is clear that the 10-2 visual field is an important determinant of vision-related QOL across the disease spectrum. Thus, the present study further supports the need to monitor visual function using 10-2 visual fields in earlier stages of glaucoma and/or modifying the 24-2 test pattern to include some of the 10-2 points. 9 Frequently in clinical practice, patients with glaucoma with visual complaints inconsistent with 24-2 visual field damage are evaluated for coexistent ocular morbidities, such as dry eye or cataract. Our results suggest that at least some of these visual complaints stem from glaucomatous damage to the macula and not from other causes. In particular, the outlier group was intended to reflect patients with glaucoma with dispropor- tionately greater visual complaints than would be expected based on the 24-2 visual field. We found that among all visual field models, the 10-2 visual field when tested in the outlier group explained the most variation in NEI VFQ-25 scores. This supports the idea that macular glaucoma as measured by the 10-2 visual field is a strong, frequently unmeasured, explanatory variable in vision-related QOL.
Limitations
There are several limitations to our current study. Our results suggest that the binocular 24-2 visual fields alone explain only 4.9% of the NEI VFQ-25 score when measured in all patients in the sample. We did not include other covariates known to affect QOL in the models, such as socioeconomic status or education level. The purpose here was solely the comparison between 24-2 and 10-2 visual fields, and it is a fair assumption that the aforementioned covariates will not differ between the 2 tests. loss, but recent reports suggest that an integrated visual field that considers the degree of overlapping visual field loss between the 2 eyes may be a better measure. 30 However, this remains an area of ongoing research and thus could be prone to error.
Conclusions
In conclusion, these data suggest that 10-2 visual fields show a stronger association with NEI VFQ-25 score than do 24-2 visual fields. Patients with disproportionately poor NEI VFQ-25 scores, despite relatively good binocular 24-2 visual fields, may have undetected damage on 10-2 visual field testing. 
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Growing Evidence of the Importance of the Macula in Glaucoma Angelo P. Tanna, MD
In the modern, patient-centered health care system, patientreported outcome measures, such as quality of life (QOL), are increasingly important to payers and regulatory agencies. There are unique problems in the assessment of the effect of glaucoma on vision-related QOL such that clinicians have long recognized a frequent discordance between patients' reported symptoms and the results of standard automated perimetry. Patients' QOL may be adversely affected in meaningful ways regardless of whether they are aware and report they have diminished vision. The characteristically gradual loss of vision that occurs in glaucoma may lead to an underreporting of symptoms by patients.
In 2013, the US Preventive Services Task Force determined there was insufficient evidence to justify a recommendation to screen for glaucoma. 1 The report stated that although there was "convincing evidence that treatment. . . reduces the number of persons who develop small, clinically unnoticeable visual field defects," there was inadequate evidence that treatment of elevated intraocular pressure or asymptomatic glaucoma "reduces the number of persons who will develop impaired vision or quality of life." 1 Subsequent studies have shown strong associations between changes in visual field and retinal nerve fiber layer thickness results and vision-related QOL in glaucoma.
2,3
The most commonly used method of visual function assessment is standard automated perimetry of the central 30°R 
